The plasmid pCSOOl, isolated from an enterotoxigenic strain of Escherichia coli, mediates expression of the CSl or CS2 and CS3 fimbrial adhesins in appropriate E. coli hosts. To characterize this further, HindIII-generated DNA fragments of this plasmid were cloned into the vector plasmid pBR322. A chimaera, called pCS200, which mediated expression of the CSl or CS2 fimbrial antigen but not of CS3 fimbrial antigen in appropriate host strains, was obtained. The DNA inserted into the vector sequences of plasmid pCS200 comprised Hind111 fragments of 4-7 kbp and 0.8 kbp. Plasmid pCS200-carrying wild-type E. coli hosts of serotype 0 6 : K 15 : H 16 that expressed the CS 1 or CS2 antigen also caused mannose-resistant agglutination of bovine red blood cells, suggesting that functional fimbriae were present on the bacterial surface. As previously observed with strain K 12 recipients of CS-fimbriae-associated plasmids mobilized from wild-type enterotoxigenic E. coli, K 12 recipients of the chimaeric plasmid pCS200 did not express the CS1 or CS2 fimbrial antigen. An oligonucleotide probe, synthesized on the basis of the published N-terminal amino acid sequence of the CS2 fimbrial subunit, hybridized to plasmid pCS200, indicating that the gene for the structural subunit of this fimbria resided on the plasmid. t Present address :
I N T R O D U C T I O N
Enterotoxigenic strains of Escherichia coli (ETEC) of human origin possessing fimbrial adhesins on their cell surfaces which promote attachment of these bacteria to small intestinal enterocytes belong to a relatively small number of serogroups (Jones & Isaacson, 1984; Klemm, 1985; Parry & Rooke, 1985; Smyth, 1986; de Graaf & Mooi, 1986; Levine, 1987) . One of these adhesins, termed colonization-factor antigen I1 (CFA/II), was originally described as a single fimbrial antigen (Evans & Evans, 1978) , but was subsequently shown to consist of three immunologically distinct fimbriae termed CS1, CS2 and CS3 (Cravioto et al., 1982; Smyth, 1982 Smyth, , 1984 Smyth, , 1986 Mullany et al., 1983; Levine et al., 1984) . Expression of CS1 or CS2 fimbriae correlates with the biotype of certain 0-serovar 6 strains (Scotland et al., 1977) . CS1 fimbriae are produced by ETEC of serotype 0 6 : K 15 : H 16 or Hof biotype A, whereas CS2 fimbriae are expressed by ETEC of the same serotype but of biotypes B, C and F (Smyth, 1986) . CS3 fimbriae are produced by most serotype 0 6 : K 15 : €1 16 or Hstrains in addition to CS 1 or CS2 fimbriae, although a rare CS2-fimbriae-only phenotype has been reported (Cravioto et al., 1982; Table 1 . E . coli strains and plasmids used in molecular cloning of CSI-and CS2-jimbrialantigen-associated determinants Strain/ plasmid Genotype/phenotype/serotype* Comments* Re ference(s) C600 lac hspH hspR leu supE thi thr ronA K12 derivative Appleyard (1 954) DS410 Dougan & Sherratt (1977) ED2030 A(lac) X174 gal his+ recA56 thi trp Foster & Willetts (1976) C921b-1 06:K15:H16, biotype A, CS1+ CS3+, Enterotoxigenic diarrhoeal Smyth (1982 Smyth ( , 1984 C921b-2 06:K15:H16, biotype A, CS1-CS3-, Nonenterotoxigenic; spontaneous Smyth (1982 Smyth ( , 1984 ma lacy malA minA minB mtl rpsL thi Minicell producing strain tonA xyl Azi' Rec-host for transformation LT+, ST+ isolate Rif', LT-, ST-CS-Fim-variant of strain C921b-1 C9 1 f C91f-6 0 6 : K 15 : H 16, biotype C, CS2+ only, Enterotoxigenic diarrhoeal Smyth (1982 Smyth ( , 1984 0 6 :K15 :H16; biotype C, CS2-, Rif', Nonenterotoxigenic; spontaneous Smyth (1982 Smyth ( , 1984 (1970) . A small-scale procedure was used to screen large numbers of recombinant plasmids (Coleman & Foster, 198 1). Following digestion by restriction endonucleases, DNA fragments were separated by gel electrophoresis through 0.8% or 1 % (w/v) agarose as described by Meyers et al. (1976) . For restriction endonuclease mapping of plasmid pCS200, 3% (w/v) acrylamide gels were used to separate DNA fragments. The restriction endonuclease map was generated by computation using a Cubic Spline Algorithm program written and kindly provided to us by Dr T. Lott (Gouth & Gouth, 1984) . Molecular mass standards in gels consisted of DNA fragments generated by cleavage of bacteriophage 1 DNA with BamHI and EcoRI restriction endonucleases (Old & Primrose, 1985) or 1 kbp ladder standards purchased from BRL. Construction of chimaeric plasmids. Purified plasmid pCS00 1 DNA was partially digested with HrndIII. The resulting fragments were ligated to HindIII-cleaved pBR322 DNA that had been treated with alkaline phosphatase and the recombinant plasmids were transformed into E. coli strain C600 by the CaCl, method of Cohen et al. (1 972). Cells harbouring recombinant plasmids were identified by screening ampicillin-resistant (Amp') transformants for tetracycline sensitivity (Tets) by replica plating.
Characterization of chimaeric plasmids. Transformants of strain C600 (K 12) were chosen which differed in the recombinant plasmid which they harboured. To mobilize their chimaeric plasmids into rifampicin-resistant (Rif') mutants of CS-Fim-ETEC, the conjugative plasmid R64, which encodes tetracycline resistance (Tet'), and plasmid ColK were first introduced into each of these transformants by mating with strain C600 carrying plasmids R64 and ColK (Dougan et al., 1978) . Transconjugants were selected for a Amp'Tet' phenotype and tested for colicin production (Frtdkricq, 1957) . Amp'Tet' ColK+ transconjugants were subsequently mated with either the ETEC-derived variant C921 b-2 (Rif') or C91f-6 (Rif '). Rif' Amp' transconjugants from this second mating were tested for expression of CSl and CS2 fimbrial antigens by several methods described below.
Detection of CSfimbrial antigens. Antiserum to each of the three CS fimbrial antigens was prepared as already described (Smyth, 1982 (Smyth, , 1984 . A heat-shock extraction procedure was used to remove CS antigens from the surface of bacterial cell suspensions (Smyth, 1982 (Smyth, , 1984 . These crude preparations of CS fimbrial antigens were analysed in double immunodiffusion tests (Smyth, 1982) , sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE ; Laemmli, 1970) and Western immunoblotting (Burnette, 1982) . Other methods used to detect CS fimbrial antigens were slide agglutination, colony immunoblotting and a whole-cell ELISA (Smyth, 1982; Voller et al., 1980; Russell et al., 1985; Boylan et al., 1987) . Haemagglutination tests with washed bovine erythrocytes were done in the presence and absence of D-mannose as described by Smyth (1982) , using glass slides.
Enterotoxin tests. Heat-stable enterotoxin production was determined in heat-treated (80 "C, 10 min) supernatant fractions of overnight Casamino acid/yeast extract broth cultures by the suckling infant mouse assay using intragastric inoculation (Giannella, 1976; Olsson & Sijderlind, 1980) . Tests for heat-labile enterotoxin were not performed. Appropriate positive and negative controls were included with each batch of assays. Southern hybridization with a mixed oligonucleotide DNA probe. Plasmid DNA samples were digested with restriction endonucleases, fractionated in 1.0% (w/v) agarose gels and transferred to nitrocellulose as described by Maniatis et al. (1982) . A 14-mer mixed oligonucleotide (5'-GA
[G,A]-AA[G,A]-AA[C,T]-AT[C,T]-A(C)-3'),
which was kindly supplied by Dr W. Dallas (Wellcome Biotechnology, USA), was used as probe DNA. This oligonucleotide was synthesized on the basis of the N-terminal amino acid sequence data of the CS2 fimbrial subunit . The 5'-ends of 100 pmol of oligonucleotide were labelled with [y-32P]ATP according to Maniatis et al. (1982) . Following the labelling reaction, unincorporated [ Y -~~P ] A T P was separated from labelled oligonucleotide by centrifugation through Sephadex G-50 (Maniatis et at., 1982) . The hybridization reaction was carried out at 37 "C for 15 h in 6 x SSC solution (0.9 M-NaCl containing 0.09 M-sodiUm citrate, pH 7.0) as described by Maniatis et al. (1982) . After hybridization, the filter was washed twice for 15 min in 6 x SSC solution at 4 "C. The third wash was performed at room temperature for 10 min using 6 x SSC solution.
Analysis of plasmid-encoded polypeptides in minicells. Plasmids were transformed into the minicell-producing E. coli strain DS410 by the method of Cohen et al. (1972) . Minicells were purified and labelled with [35S]methionine for the analysis of plasmid-encoded polypeptides according to Dougan & Kehoe (1984) .
R E S U L T S
Molecular cloning of CSl-and CS2-Jimbrial-antigen-associated determinants In the initial approach to molecular cloning of determinants associated with expression of CS1 and CS2 fimbriae, 24 AmprTet5 transformants of strain C600 were picked at random. These K12 transformants were tested for production of CS1 and CS2 fimbrial antigens and found to be negative. When the 24 chimaeric plasmids harboured within these transformants were digested with HindIII or EcoRI restriction endonuclease, seven different restriction digest patterns were found. Transformants harbouring chimaeric plasmids representative of each of these restriction endonuclease digest patterns were further examined.
To facilitate mobilization of the chimaeric plasmids into CS-Fim-derivatives of wild-type ETEC, i.e. strains C921b-2 and C91f-6, plasmids R64 and ColK were introduced into each of the seven representative transformants chosen. One recombinant plasmid, termed pCS200, mediated expression of a CS 1 -fimbrial-antigen-positive phenotype when introduced into strain C921 b-2 and a CS2-fimbrial-antigen-positive phenotype when introduced into strain C91 f-6, i.e. pCS200 encoded the information required for expression of either CS1 or CS2 fimbrial antigen in the appropriate host biotype. In the case of both recipients C921b-2 and C91f-6, the CSl and CS2 fimbrial antigens were never expressed together in any of the 40-50 transconjugant colonies screened from each host. HindIII digestion of pC'S200 revealed that the DNA insert consisted of two fragments of 4.7 kbp and 0.8 kbp. whereas EcoRI digestion linearized the chimaeric plasmid (9.8 kbp), indicating the absence of EcoRI restriction sites in the cloned DNA sequences. Of the 24 original chimaeric plasmids examined, three others gave identical HindIII and EcoRI restriction endonuclease digest patterns, respectively, to pCS200. However, these three plasmids were not mobilized into wild-tjpe recipients to test for expression of CS fimbrial antigens.
A subsequent screen for recombinant plasmids associated with production of CS1 and CS2 fimbrial antigens was performed using a slightly different approach. In this case, 34 AmprTets transformants were picked at random and plasmids R64 and ColK were introduced into each of these without first screening the recombinant plasmids carried by these transformants by restriction endonuclease analysis. These 34 transformants were each mated with the CS-Fimwild-type strains C921b-2 and C91f-6 and three to five transconjugants from each mating were screened for CS1 and CS2 fiinbrial antigen production. Out of the 34 chimaeric plasmids harboured by the transformants, eight were obtained which mediated expression of CS1 and CS2 fimbrial antigens in the appropriate host backgrounds. These additional eight CSl +/CS2+associated plasmids identified without prior restriction endonuclease analysis were each found to contain DNA inserts composed of two HindIII fragments identical in size to those of pCS200. Lanes 2 and 7, wild-type enterotoxigenic strain C921b-1 (CSl+CS3+); lanes 3 and 11, CS-Fimderivative C91f-6 (CS2-); lanes 4 and 10, wild-type enterotoxigenic strain C91f (CS2+ only); lanes 5 and 9, strain C921b-2 harbouring plasmid pCS200; lanes 6 and 12, strain C91f-6 harbouring pCS200. Nitrocellulose filters in lanes 7 to 9 were treated with CS1-specific immunoglobulins. Nitrocellulose filters in lanes 10 to 12 were treated with CS2-specific immunoglobulins. The molecular masses of standard proteins are indicated on the left. The polypeptides corresponding to CS1, CS2 and CS3 fimbrial subunits are arrowed, as are the positions of polypeptides which reacted with the antisera. The doublet band in lane 2 is due to the CS3 fimbrial antigen (Levine et a/., 1984) . Slight lateral diffusion of the CS2 band in lane 4 accounts for the presence of an apparent second polypeptide band below the CS1 band in lane 5 in (a).
Characterization of CS jimbrial antigens produced by strains containing chimaeric plasmid pcs200
In double immunodiffusion analysis, an extract of strain C921b-2(pCS200) gave rise to a single precipitin line when tested against CS1-specific antiserum. This precipitin line showed a reaction of complete identity with that formed by an extract prepared from the wild-type enterotoxigenic strain C921 b-1 (CS1+ CS3+). An extract prepared from strain C91 f-6(pCS200) gave a single precipitin line when analysed against CS2-specific antiserum. This precipitin line fused in a reaction of complete identity with that obtained with control extracts of CS2 antigen from wild-type ETEC. No precipitin lines attributable to the presence of CS3 antigen were found when any of the extracts made from strains carrying pCS200 were tested against CS3specific antiserum simultaneously with control extra i.\ containing CS3 antigen from wild-type ETEC or from strain C600 bearing the wild-type pl,!mid pC' SOO1.
Surface extracts were also analysed by SDS-PAC; I :.ild Western immunoblotting (Fig. 1) . Extracts prepared from strain C921 b-Z(pCS2OO) and from a wild-type CS 1 + ETEC strain contained a polypeptide which reacted with CS 1 -specific antiserum and which corresponded in Kilobase-pair markers are indicated clockwise on the cleavage map with the HindIII site of pBR322 as the origin. pCS200 DNA fragments generated by Hind11 (A), PstI and HindIII (B) and PstI and Hind11 (C) digestion which hybridized with the mixed oligonucleotide probe for the N-terminus sequences of the gene encoding the structural subunit of CS2 fimbriae are indicated (see Fig. 3 ). molecular mass to that reported for the CS1 fimbrial subunit, i.e. 16.3 kDa (Smyth, 1982 (Smyth, , 1984 Levine et al., 1984) . Western immunoblotting of extracts made from cell suspensions of strain C91f-6(pCS200) and of ETEC strain C91f, a wild-type CS2+-only strain, detected a polypeptide which reacted with CS2-specific antiserum and also corresponded in molecular mass to that reported for the CS2 fimbrial subunit, i.e. 15.3 kDa (Smyth, 1982 (Smyth, , 1984 .
To see whether the property of haemagglutination was conferred on strains containing the chimaeric plasmid pCS200, strains C921 b-2(pCS200) and C9 1 f-6(pCS200), which were expressing the CS1 and CS2 fimbrial antigens, respectively, were examined for adherence to red blood cells in the presence of mannose. Mannose prevents adherence mediated by type 1 or common type fimbriae which are present on many E. coli strains. Both strains caused mannoseresistant haemagglutination whereas the corresponding plasmidless recipients used as controls did not, indicating that the chimaeric plasmid mediated production of the respective adhesins as well as the fimbrial antigens.
Two K12 strains (C600 and ED2030) and both CS-Fim-ETEC variants (C91f-6 and C921 b-2) bearing plasmid pCS200 were tested for ST enterotoxin. None was produced by these strains.
Physical mapping of the cloned DNA insert of plasmid pCS200 and probing for the gene encoding
the structural subunit of CS2fimbriae A restriction endonuclease cleavage map of the chimaeric plasmid pCS200 was constructed (Fig. 2) .
A mixed oligonucleotide synthesized on the basis of the published N-terminal amino acid sequence data of the CS2 fimbrial subunit was 32P-end-labelled and used to probe the chimaeric plasmid pCS200 in Southern blot hybridization experiments. The oligonucleotide mixture hybridized to the 4.7 kbp HindIII fragment of pCS200 [Figs 2 and 3 : 1, PstI-and HindII-digested  pCS200; 2, HindII-digested pCS200; 3, PstI-and HindIII-digested pCS200; 4, HindIIIdigested  pCS200; 5, HindIII-digested pCS100; 6, HindIII-digested pCSOOl. (lane 4)], but not to the 0.8 kbp HindIII fragment. Under conditions of high stringency (68 "C, 2 x SSC, 2 h, and washes with 2 x and 1 x SSC, 10 min), no hybridization was obtained (data not shown). No homology was observed with HindIII digests of pCS100, a pBR322 chimaeric plasmid associated with expression of CS3 fimbriae (Boylan et al., 1987;  Fig. 3 ), or of vector plasmid pBR322 (data not shown). The oligonucleotide probe did not hybridize with a HindIII digest of chromosomal DNA of strain C91f-6, the CS-Fim-plasmid-free derivative used as a recipient for pCS200 in which CS2 fimbriae can be expressed (data not shown).
Other restriction endonuclease digests of pCS200 were used in an attempt to further localize the gene for the structural subunit of the CS2 fimbrial antigen. When pCS200 was digested with both PstI and HindII, two fragments, of 2.0 kbp and 1-9 kbp, respectively, showed homology with the oligonucleotide probe (Fig. 3) . Two fragments of 1-9 kbp and one of 2.0 kbp are generated from pCS200 by this combination of restriction enzymes (Fig. 2) . Two fragments, of 4.1 kbp and 1-9 kbp, respectively, from a HindII digest of pCS200 showed homology. Fragments of 3.3 kbp and 1.4 kbp from a PstI and HindIII double digest of pCS200 also hybridized with the oligonucleotide probe (Fig. 3) . The probe hybridized with a 4.7 kbp fragment of a HindIII digest of the parent plasmid pCSOOl (Fig. 3) .
Analysis of pCS200-encoded polypeptides in E. coli minicells Wabelled polypeptides were expressed in the minicell-producing strain DS4 10 harbouring the CS-antigenassociated recombinant plasmid pCS200. Neither were stained polypeptides corresponding in molecular mass to the CS1 and CS2 fimbrial subunits seen in stained SDS-PAGE gels of minicells harbouring plasmid pCS200, nor was CS1 or CS2 fimbrial antigen detected in extracts of such minicells by double immunodiffusion.
Apart from polypeptides encoded by vector plasmid pBR322, no other

M. B O Y L A N A N D O T H E R S
DISCUSSION
Previous work has shown that plasmid pCSOO1 isolated from a wild-type ETEC strain was associated with the expression of CS1, CS2 and CS3 fimbriae depending on the host harbouring this plasmid (Boylan & Smyth, 1985) and that the gene encoding the structural subunit of CS3 fimbriae was located on this plasmid (Boylan et al., 1587) . The present study reports the molecular cloning of a pCSOOl-derived DNA fragment which gave rise to expression of CS1 and CS2 fimbriae. This DNA fragment, when cloned into the multicopy vector plasmid pBR322, appeared, like pCSOOl, to be dependent on the host serotype and biotype for its expression, i.e. the cloning procedure did not remove the constraints on expression of the CS1 or CS2 fimbrial antigen in K 12 strains and appropriate wild-type strains of serotype 0 6 : K I5 : H 16 or H- (Smyth, 1986) .
To date, all wild-type strains expressing CS1 fimbriae have also been found to produce CS3 fimbriae (Smyth, 1986) . By molecular cloning, a strain producing only CS1 fimbrial antigen has been constructed, viz. strain C921 b-2 harbouring plasmid pCS200. This strain has already proved to be useful for the purification of CS1 fimbriae (H. Matthews & C. J. Smyth, unpublished data) and should enable investigation of the role of CS1 fimbriae in vivo. A strain producing only CS 1 fimbriae has only been previously obtained by transposon-insertion inactivation of the CS3 fimbrial determinant of a CS-fimbriae-associated plasmid followed by mobilization of the mutated plasmid into a CS-Fim-derivative of an 0 6 : K15 : H 16 strain of biotype A (McConnell et al. , 1985, 1987) .
Several explanations, which are all in accordance with known data, have been proposed to explain the host-specific expression of CS1 and CS2 fimbriae (Smyth, 1986; Boylan, 1987) . These include (i) that a plasmid-encoded factor controls chromosomally located genes for fimbrial biogenesis, (ii) that the genes for fimbrial biogenesis are plasmid-encoded but are controlled by chromosomal determinants, (iii) that the genes for the structural subunits are plasmid-located whereas genes encoding ancillary proteins required for fimbrial biogenesis are chromosomally located or vice versa, or (iv) that a site-specific inversion of DNA segments, either plasmid or chromosomally located, occurs in a manner analogous to that controlling flagellar phase variation in Salmonella (Simon et al., 1980; Iino & Kutsukake, 1983) or type 1 fimbrial variation in E. coli (Abraham et al., 1985; Eisenstein, 1987) . Thus, for future investigation of factors which might affect expression of CS1 and CS2 fimbriae, establishing the location of genetic determinants encoding their structural subunits appears essential.
This communication presents evidence for the plasmid location of the determinant encoding the structural subunit of CS2 fimbriae. Plasmids pCSOOl and pCS200 hybridized with the mixed oligonucleotide probe synthesized on the basis of the published N-terminal amino acid sequence of the CS2 fimbrial subunit . This finding shows that the CS2-fimbriaenegative phenotype found when these plasmids are present in hosts other than serotype 0 6 : K 15 : H 16 strains of biotypes B, C or F is not due simply to the absence of the gene encoding the CS2 structural subunit.
The mixed oligonucleotide probe for the N-terminus sequence of the gene encoding the structural subunit of CS2 fimbriae hybridized to restriction endonuclease fragments which encompassed most of the DNA insert of plasmid pCS200 (Figs 2 and 3) , i.e. the 4.7 kbp Hind111 fragment. It thus seems possible that the probe is not entirely specific for the CS2 subunit gene. Since the amino acid analyses of the CS1 and CS2 subunit proteins appear to be very similar (H.
Matthews & C. J . Smyth, unpublished data) , the two subunit proteins may share some degree of N-terminal homology. Therefore, if a CSl subunit gene is also located on pCS200, the possibility exists that the probe hybridized with this gene as well as the CS2 subunit gene. In addition, the probe may have hybridized to a gene or genes encoding minor fimbrial proteins sharing homologous sequences with the CS2 subunit gene. Another explanation could be the repetition of CS2 sequences within the cloned DNA fragment.
The absence of CS 1 or CS2 expression in hosts other than those of serotype 0 6 : K 15 : H 16 or Hor in hosts of this serotype and appropriate biotype, respectively, may be due to the lack of a positive controlling element or to the presence of a negative controlling element (Smyth, 1986; Boylan, 1987) . Alternatively, the possibility exists that the CS1 or CS2 subunit protein is produced, but is unstable in certain hosts and is degraded rapidly, thereby yielding a CS1-or CS2-negative phenotype, respectively, or a doubly negative phenotype. Minicells prepared from E. coli strain DS410 containing pCS200 were used in an attempt to examine whether CSfimbriae-associated polypeptides were expressed, but only vector-encoded polypeptides were detected. Furthermore, when E. coli strain K12 carrying pCS200 was examined for the intracellular presence of CS1 or CS2 subunit proteins neither was detected by Western immunoblotting (M. Boylan, unpublished data). Thus, these observations suggest (i) the involvement of chromosomal function(s) or (ii) post-transcriptional regulation or posttranslational modification.
The determinants required for the biogenesis of many fimbriae are distinct from determinants required for the expression of adhesive functions such as haemagglutination associated with these organelles (Maurer & Orndorff, 1985; Hacker et al., 1985; van Die et al., 1986; de Graaf & Mooi, 1986; Lindberg et al., 1986; Minion et al., 1986; Normark et al., 1986; Rhen et al., 1986) . We have shown that appropriate wild-type strains containing pCS200 cause mannoseresistant haemagglutination of bovine erythrocytes. Therefore, the cloned DNA fragment in pCS200 carries the information needed for adhesin production in relation to both CS1 and CS2 fimbriae. However, it remains to be shown whether or not the adhesins are minor components of the assembled CS1 and CS2 fimbrial structures as in the case of P-fimbriae Lindberg et al., 1986 Lindberg et al., , 1987 .
Addendum. Willshaw et al. (1988) have reported cloning of the determinants for expression of CS1, CS2 and CS3 fimbriae together on a 17 kbp fragment of HindIII-digested plasmid DNA. These determinants were not closely linked to those for ST and LT enterotoxin production. Moreover, expression of CSl and CS2 fimbriae was associated with a 10 kbp subclone comprising three Hind111 fragments of approximately 0.8,4.9 and 4-3 kbp. Neither CS 1 nor CS2 fimbrial antigen was expressed in K 12 strains. 
